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Abstract

An in-depth investigation of integral asymmetric poly(vinylidene fluoride) (PVDF)
membranes has been carried out for the extraction of polar and non-polar organic compounds
from dilute organic-in-water feed solutions. Membrane performance for low and high-
boiling non-polar organic feed components was excellent, with separation factors as high as
4900 and high organic transmembrane fluxes. Polar organic feed components such as ethanol
and acetone were also separated effectively from water but the separation factors were lower
than non-polar organics. There was no change in membrane performance when either the
dense or porous face of a PVDF membrane contacted the feed solution as long as the feed
solution flow rate was sufficiently high. The effect of membrane preparation conditions, such
as casting solution composition, air humidity and temperature during film drying, and the
molecular weight of PVDF, on membrane performance was quantified. Although the water
flux through the resulting films changed significantly, the organic (benzene) flux was
essentially independent of the fabrication method. Variations in casting conditions also
changed the mean diameter of a small number of pores in the dense layer of PVDF
membranes. Transmembrane water fluxes during benzene/water separations correlated with
increasing pore size, indicating that such pores were providing pathways for water movement
across the hydrophobic PVDF dense layer. Based on benzene swelling and diffusivity
measurements in homogeneous PVDF films, pores in the dense layer of an asymmetric
membrane control permeate enrichment by either a membrane distillation, pore flow, or
capillary condensation mechanism. The total time for asymmetric membrane casting was
reduced from 69-72 minutes to 7 minutes, while maintaining a high organic (benzene)

separation factor with only a small drop in transmembrane benzene flux.




Introduction

Membrane pervaporation is an attractive and potentially cost-competitive alternative to
traditional methods (e.g., air stripping, carbon adsorption, and biotreatment) for removing low
concentrations of organic solvents from waste water [1]. In such a pervaporation (PV)
process, water/orgé.nic separation is achieved by the difference in membrane solubility and
permeability of the feed solution componénts. Much of the prior work on the PV extraction of
organics from water has focused on the use of elastomeric (rubbery) polymers, including
polydimethylsiloxane (PDMS) and copolymers thereof, copqumers of styrene and styrene
derivatives [2], and soft segment elastomers such as polyether block amides [3], nitrile
butadiene and styrene-butadiene rubbers [4], and poly(acrylic acid ester-co-acrylic acid) [5]. A
comprehensive review of the PV literature dealing with the selective removal of organics
from water can be found in Reference 3. The membranes mentioned above were found to
remove selectively a number of organic components including chloroform, benzene, toluene,
ethanol, 1,1,2-trichloroethane, and acetone from dilute aqueous feed solutions. In order to
improve organic transport rates, composite membranes were fabricated, where a thin
permselective elastomeric polymer top-layer was coated on a microporous backing which
offered little or no resistance against the permeating organic species. Examples of such
~ composite-coated PV membranes are the MTR-100 and MTR-200 membranes manufactured
by Membrane Technology Research, Inc. [6] where a silicone rubber (PDMS) rejecting layer

is coated on an inert (non-elastomeric) polymeric support.




An attractive alternative to homogeneous and composite-coated PV membranes, iﬁ
terms of mechanical stability and simplicity of fabrication, is a one-component (integral)
asymmetric film where the dense and support layers are formed from a single casting
solution. Such membranes are normally prepared by a phase inversion technique where a
homogeneous polymer solution is cast as a thin film or spun as a hollow fiber, partially air
dried, and then immersed in a non-solvent bath. Recently, Jian and Pintauro [7] reported on
preliminary PV tests of an integral asymmetric poly(vinylidene fluoride) (PVDF) membrane.
The hydrophobic nature of PVDF was exploited to promote the selective absorption and
transport of the organic component of an organic/water feed solution. Transmembrane organic
fluxes were maximized by the relatively thin dense layer of the asymmetric films. The
formation of an asymmetric microstructure proceeded via an unusual phase inversion process
where a dense polymer layer was created at the membrane/casting surface interface and a
microporous structure formed at the membrane/air interface. For the removal of low
concentrations of benzene from water, the asymmetric PVDF membranes performed
remarkably well, with benzene separations factors as high as 1,530 and benzene ﬂuxés as
higlll as 105 g/m?-hr, for an 890 ppm benzene-in-water feed solution at 25°C and a

downstream pressure of 0.025 atm.

In this paper we report, in detail, on additional separation studies with asymmetric
PVDF membranes, where a variety of polar and non-polar organic feed components (at ppm
feed concentrations) were selectively removed from water. Flux and selectivity data are

presented to show the effects of operating conditions (feed composition, temperature, and




pressure), film orientation (dense vs. porous layer facing the feed solution), and variations in
casting conditions on membrane performance. For benzene/water feed solutions, water fluxes
were found to correlate well with the mean diameter of pores in the membrane's dense layer,

whereas the benzene flux remained constant and essentially independent of pore size.

Experimental

Membrane preparation: The PVDF membranes used in this study were prepared using a
phase inversion process that was first reported in Reference 7. A mixed solvent consisting of
acetone (a low boiling point component) and dimethylacetamide (which has a high boiling
point and a strong affinity for water ) was used to dissolve PVDF polymer. In the majority
of the experiments, Aldrich Chemical _Co., Inc. PVDF polymer (530,000 average molecular
weight) was used to cast the films. Asymmetric films were also fabricated from Kynar 761
(350,000 molecular wight) and Kynar 461 (572,000 molecular weight) manufactured by EIf
Autochem North America, Inc. and Solef 1015 (210,000 molecular weight) and Solef 1012
(152,000 molelcular weight) supplied by Solvay Polymers, Inc. Casting solutions were
prepared using PVDF (between 10 and 16 wt%), dimethylacetamide (8-35 wt%), and acetone
(55-78 wt%), which were heated to 50°C for a period of 30-60 minutes and then kept at room
temperature for about 24 hours to remove gas bubbles. The mixture was then spread
uniformly on a glass plate (wetted with a 85 wt% dimethﬂacetamide/water solution) to a
thickness of approximately 0.3 mm. The resulting film was air dried under controlled
temperature and humidity conditions (by use of a Tenney Engineering Inc. Versa Tenn II

constant temperature/humidity environmental chamber) for 9-12 minutes. The membrane and




glass plate were then immersed in two precipitation baths (15 minutes immersion in eacﬁ
bath). The first bath was a solution of 50 vol% water, 40 vol% acetone and 10 vol% DMAc
maintained at 15°C and the second bath was composed of 60 vol% water and 40 vol%
acetone at 15°C (the membrane separated from the glass plate in the first bath). The
membrane was then submerged for 30 minutes in a third bath containing distilled water at
15°C and allowed to air dry at room temperature. A total of 24 different casting methods
were examined in this study; the various casting solution compositions and fabrication
conditions are listed in Table 1. All of the membranes had a dry thickness of approximately
60 pm. As discussed previously [7], the dense layer forms at the membrane/glass plate

interface, and thus distinguishes the present casting method from other phase inversion

fabrication processes.

The structure of the asymmetric PVDF films was investigated by transmission electron
microscopy (JOEL Model 1210) of frozen slices (0.06 pm in thickness) microtomed parallel
to the membrane surface. As a representative example, Figure 1(a-d) shows four micrographs
of slices at various depths from the dense layer surface, for a membrane fabricated using
method no. 3 from Table 1. The membrane structure is similar at depths of 0.06 pm (top
layer of the membrane) and 0.18 pm, with pores < 300 A in diameter and a low porosity
(estimatéd to be < 1%). We believe these two micrographs show the membrane dense layer.
At greater depths into the membrane, the porosity and pore size (diameter) increase from 10%
and ~500 A (at 0.36 pm) to 25% and ~1000 A (at 0.84 pm). The porosity continues to

increase beyond 0.84 pm until a high porosity support layer (micron-size pores) is reached 10




pm from the dense layer surface. These results suggest that the dense layer of the asymxﬁetric
PVDF membranes is approximately 0.3 pm in thickness, with a traﬁsition layer ~10 pm in
depth folloWed by a microporous support layer of thickness 50 pm. As will be discussed
below, pores in the dense layer of the PVDF membranes play a critical role in transporting
(and separating) organic and water feed components. The measurement of N, gas flux through
asymmetric PVDF membranes provided additional evidence of dense layer micropores, with
gas permeabilities of between 9.01 x 10~ and 1.05 x 10" (m (STP)-m/m® -hr-bar)
depending on the casting method, as compared to 8.1 x 10”7 (mXSTP)-m/m 2hr-bar) for a

homogeneous (and nonporous) PDMS membrane [8].

Pcrvaporati‘on experiments: Pervaporation experiments were conducted using the flat sheet
membrane apparatus shown schematically in Figure 2. An organic/water feed solution of
known composition was pumped from a sealed and thermostatted tank (4.0 1 volume) to the
stainless steel membrane test cells at a controlled and monitored flow rate. A cross flow fluid
pattern delivered feed solution to the upstream side of the membrane (225 cm? membrane
area per cell). The feed channel for each of the two cells had cross sectional dimensions in
the flow direction of 0.7 mm (depth) x 15 cm (width) and was fitted with a nylon screen
turbulence promoter. Feed solutions were prepared using reagent-grade organic chemicals and
deionized and distilled water. Transmembrane fluxes were generated by a downstream
vacuum pump. The downstream pressure was controlled by a vent valve and measured by a
digital pressure transducer (Omega Engineering Inc. Model DP204). The permeate was

condensed and collected in two liquid nitrogen cold traps positioned between the membrane




_cells and vacuum pump. In a typical pervaporation experiment, membrane fluxes were

allowed to stabilize for épproximately one hour before permeate samples were collected over
a period of between 15 and 30 minutes. The total transmembrane flux was determined from
the weight of sample in the cold traps. The organic species concentration in the condensed
permeate liquid was determined by gas chromatography (Perkin-Elmer Model Sigma 115).
For low water solubility (non-polar) feed components, the collected permeate was diluted with
an excess of acetone in order to produce a single phase sample for GC analysis. Membrane
performance was assessed from the organic and solvent fluxes and from the organic

separation factor, which is defined as

P
[c/C_]

Separation Factor = ———
[C /C.F

()

where C, and G, are the concentration of organic and water species, respectively, and the
superscripts P and F designate the permeate and feed solutions. All PV experiments were
repeated several times to insure reproducibility; the measured separation factor and flux

normally varied by no more than +5%.

Results and Discussion
Effects of Feed Flow Rate and Membrane Orientation on Flux and Separation Factor -
Preliminary separation experiments were performed to determine the effects of membrane

orientation (dense rejecting layer vs. porous support layer in contact with the feed solution)




on benzene separation factor and flux. The asymmetric PVDF membranes used in these
experiments were fabricated from a casting solution composed of 14 wt% Aldrich PVDF, 13
wt% DMAc, and 73 wt% acetone polymer with a 12 minute air dry time (preparation method
No. 14 in Table 1). The upstream feed solution was composed of 150 +7 ppm benzene in
water. Separations were carried out at 25°C, with a downstream pressure of 0.025 atm. As
shown in Figures 3a and 3b, the benzene separation factor and flux are strongly dependent on
upstream fluid flow conditions for fegd solution flow rates < 0.85 1/min, due to concentration
polarization effects that cause a drop in the benzene concentration at the upstream
membrane/solution interface. At low feed flow rates, concentration polarization was more
severe when the porous sublayer contacted the feed solution, as would be expected if the
porous polymer layer were part of an extended stagnant boundary layer on the upstream side
of the dense layer (where benzene/water separation presumably occurs). The most interesting
finding from these experiments was that the asymmetric PVDF membranes worked equally
wéll with either the dense rejecting layer or porous support facing the feed solution, as long
the feed flow rate was sufficiently high. This result has important implications for possible
large-scale fabrication and use of these membranes. In principle, asymmetric PVDF films
could be cast on a nonwoven backing structure, as opposed to the glass plate used in the
present study, in which case the dense rejecting layer would form at the PVDEF
polymer/backing layer interface. Extraction of organic(s) from an organic(s)/water feed
solution could be achieved using such membranes with the microporous layer of PVDF in
contact with a well-stirred feed solution. In the present study, the asymmetric PVDF films

were always positioned with the dense polymer layer upstream and the feed flow rate




maintained at 1.4 I/min to eliminate concentration polarization. Periodically over the course
of our study, the effect of flow rate on organic flux was checked to insure that concentration
polarization was not affecting membrane performance as the various PVDF membranes in

Table 1 were examined and the type and concentration of organic solute in the feed solution

was changed.

Organic/Water Separation Experiments - Measured organic permeate concentrations and
organic membrane fluxes are plotted against the organic feed solution concentration in I;igures
4 and 5, respectively, for a series of sparingly soluble non-polar (benzene, toluene),
moderately polar (chloroform), and polar (ethylacetate, acetone, ethanol, and dioxane) organic
solutes in water. All experiments were performed at a feed solution temperature of 25°C and
a downstream pressure of 0.025 atm. The asymmetric PYDF membranes used in these
experiments were cast using Method No. 14 of Table 1. Additional examples of PVDF
membrane performance for organic/water separations are given in Table 2 for styrene/water
separations at 25°C and 45°C and Table 3 for feed solutions containing various ppm mixtures
of benzene, toluene, and xylene in water. Typically, in our PV tests, a membrane was exposed
to a given organic feed component (of various concentrations) for up to eight hours and the
same membrane was used many times for different organic feeds. Some membranes were
used for a total of 100 hours; in no case did we observe a decline in membrane performance

due to membrane degradation.
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For all of the organic feed components and concentrations examined, the PVDF |
membranes were remarkably efficient at extracting selectively organic species from the
aqueous feed solution. The membranes worked best for non-polar feed components (even
those with boiling points greater than that of water), as would be expected since these
chemicals have a stronger affinity to the organophillic PVDF polymer than water-soluble
solutes. For example, when the feed solution was composed of 570 ppm toluene in water the
downstream permeate was nearly 49 wt% toluene (corresponding to a toluene separation
factor, as defined by Equation 1, of 1,685) and the toluene flux was 75 g/mz-hf. In general,
we found that asymmetric PVDF men;lbranc pgrformancc was ¢haracterized by reasonably
high organic separation factors and very high organic fluxes, as compared to other
pervaporation membranes. The PVDF ﬁlembranes out-performed MTR-100 and MTR-200
composite-coated PDMS membranes (in terms of organic separation factor) for benzene/water
and chloroform/water separations (at a temperature and downstream pressure similar but not
identical to those used in the present study) [6]. Some PDMS membranes were more
selective than the asymmetric PVDF membranes, but the transmembrane organic flux through
these membranes was always very low. For example, when a 5.1 ppm toluene/water feed
solution was separated at 25°C and a 0.0012 atm. downstream pressure with a composite-
coated PDMS hollow fiber membrane, the toluene separation factor (as defined by Equation
1) was very high (16,772) but the toluene flux was quite low (0.8 g/m*hr) [9]. Ethanol
removal from an ethanol/water feed solution with the asymmetric PVDF membranes, on the
other hand, was substantially better than that reported for PDMS films. For a 5.3 wt%

ethanol/water feed, the PVDF ethanol separation factor and flux at 25°C and 0.025 atm
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downstream pressure were 22.3 and 50 g/m?hr, aé compared to a separation factor and ﬂux
'of 11.0 and 18.5 g/m?-hr for PDMS with a 5 wt% ethanol feed solution at 30°C and a
downstream pressure of 9 mbar [3]. Even the separation results with acetone, a strong PVDF
swelling agent, are reasonably good with acetone permeate concentrations ranging from 3.0
wt% to 17.1 wt% and acetone fluxes between 3.0 and 24.1 g/m*-hr, when the acetone feed

concentration was varied from 1500 ppm to 5900 ppm.

Representative examples of the effects of feed concentration, downstream pressure, and
operating temperature on asymmetrié PVDF membrane performance (organic separation factor
and flux) are shown in Figures 6-8, respectively, for a benzene/water feed solution. The
behavior of the asymmetric PVDF films is similar to that observed during organic/water
pervaporation separations with elastomeric membranes. As the benzene concentration in the
feed increases, there is an increase in the transmembrane benzene flux and a decrease in the
benzene separation factor due to increased water transport rates across the membrane (see
Figure 6). These results are consistent with prior organic/water separétion experiments [10]
where the organic feed component was plasticizing and swelling the membrane, which, for a
solution-diffusion transport model would allow for higher water permeation rates. When the
downstream pressure in a PVDF membrane separation experiment was increased, both the
benzene and water fluxes declined because the pressure gradient driving force across the
membrane was reduced. The flux of that feed component with the lower solubility in the
membrane (water for the data in Figure 7) decreases more rapidly with pressure, resulting in

higher organic separation factors. An increase in feed temperature during a PV separation




normally results in increased permeation rates of the water and organic species [11]. This
phenomenon was observed with the asymmetric PVDF membranes, as shown by the results in
Figure 8. When the feed stream temperature was increased from 25°C to 60°C, there was
nearly a 4-fold increase in benzene flux. The pronounced decrease in benzene separation
factor (from 1400 to 50) was due to high water fluxes at the elevated feed temperatures,

suggesting that the activation energy for water permeation is much smaller than that for

- benzene.

Effects of Casting Conditions on Membrane Performance - The effects of PVDF membrane
preparation conditions (air temperature and humidity during membrane drying and the
DMAc/acetone composition of the casting solution) on the fluxes of benzene and water are
shown in Figures 9-11. The feed solution contained benzene in water at a fixed benzene
concentration between 120 and 150 ppm. For these PV separation experiments, the
temperature was 25°C and the downstream pressure was fixed at 0.025 atm. Our interest in
examining transport in only asymmetric PVDF films limited the range over which a given
casting condition could be varied. The asymmetric structure of the PVDF membranes in .
Figures 9-11 was essentially the same, as determined from transmission electron micrographs,

with a dense layer porosity <1% and a thickness of ~0.3 pm.

The amount of water which absorbs into the PVDF/acetone/DMAc casting solution
during asymmetric film fabrication appears to be an important variable that regulates the

overall permselectivity of the membrane. Figures 9 and 10 show a substantial increase in
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water flux and an essentially constant benzene flux with increasing water content in the vair
during film drying (i.e., with increasing air dry temperature at a constant relative humidity or
by increasing relative humidity at a constant air temperature). A similar trend in the water and
benzene flux was observed when the amount of DMAc (which has a strong affinity to water)
in the casting solution was increased from 8% to 19% (Figure 11). It should be noted that
the measured benzene fluxes in Figures 9-11 did not change as the feed solution flow rate
was increase from 1.4 to 2.5 1/min, thus ruling out the possibility that upstream liquid

boundary-layer resistance (concentration polarization) was controlling benzene transport.

The results in Figures 9-11 can be explained by a simplified description of the
membrane formation mechanism, where the increase in water flux is associated with an
increase in the dense layer porosity. During the air drying sfep, a porous microstructure forms
due to instantaneous liquid-liquid demixing at the top surface of the cast film as acetone
rapidly evaporates and water is absorbed from the air. A dense layer is created at the
polymer film/glass plate interface by the delayed onset of liquid-liquid demixing, followed by
gelation. High air drying temperatures and air humidities increase the exchange rates of
solvents (acetone and DMAc) and/or nonsolvent water, causing rapid liquid-liquid demixing
and a more porous dense layer. The porosity of the dense layer also increases when the
concentration of PVDF in the film at the start of gelation is low (or equivalently the DMAc

concentration is high).
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To investigate the role of dense layer pores (observed in Figgre 1) on water
permeability, we first sought to determine the effect of casting conditions on pore size and
then correlate water flux with our calculated pore diameters. Both mean and maximum pore
diameters were determined experimentally using the gas permeation method' of Yasuda and
Tsai [12] and standard bubble point measurements [13] (with 2-propanol as the wetting
liquid). A Millipore stainless steel membrane holder, which accommodated a 12.4 cm?
membrane spccimen, was used in these experiments. For the mean pore size measurements,
pressurized nitrogen gas was supplied to one side of the membrane and the downstream
steady-state gas flow rate was méasured using a Manostat flowmeter. The pressure difference
across the membrane was continuously monitored using digital pressure transducers. The
nitrogen gas permeability coefficient (B) in a PVDF film was computed from the ratio of the

measured gas flux (N, with units of g/cm®s) and pressure difference across the membrane,

" @

The mean pore diameter (d, with units of cm) in the dense layer of a PVDF membrane (i.e.,

that part of the film which controls the flux of N,) was computed using the following

e

relationship,

12

©)

15




where the constants A and B are the slope and intercept of a linear plot of B vs. mean
pressure (P +P,,,,/2), 1 is the viscosity of nitrogen gas, T is absolute temperature, and M is
the molecular weight of N,. This experimental technique was highly réproducible (3% error)

and gave linear nitrogen permeability vs. mean pressure plots.

Representative examples of the mean and maximum (bubble point) pore diameters for
eight different asymmetric PYDF membranes are listed in Table 4. Mean pore diameters in
the dense layer range from 58 A to 882 A depending on the membrane casting technique.
Bubble point measurements could not be made when the mean pore diameter was less than
162 A due to the pressure limitations of our equipment. As would be expected, the mean pore
diameters in Table 4 were always less than those determined from the bubble point
measurements. The relative difference between the two diameters, a very qualitative measure
of pore size distribution, is not large, especially for pores with large diameters. We also found
that entirely different casting methods produced an asymmetric film with dense layer pores of

similar size (e.g., casting methods nos. 1 and 18 or methods nos. 15 and 24)

In Figures 12 and 13, the water flux and benzene/water separation factor are plotted vs.
the dense layer's mean pore diameter for 19 different membrane casting methods (the numbers
associated with each data point in these figures correspond to the casting methods in Table 1).
The upstream benzene concentration for all PV experiments was fixed at 120 +10 ppm, the
temperature was 25°C, and the downstream preé.surc was 0.025 atm. Water fluxes correlated

well with mean pore diameter, suggesting strongly that the dense layer pores seen in Figure 1
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and listed in Table 4 are providing pathways for water movement across asymmetric PVDF
membranes. The correlation of benzene separation factors with pore diameter, shown in
Figure 13, is a consequence of the pore size dependence on water flux and the constant

benzene flux data in Figures 9-11.

In Figure 14, we focus more closely on the pore size dependence of water fluxes for
those membranes with a mean pore diameter < 400 A and feed solutions of 120 ppm and 800
ppm benzene in water. The data show that the water flux for an 800 ppm benzene feed, at a
given pore size, is approximately twice that observed with an upstream benzene concentration
of 120 ppm. The data also show that the water fluxes do not correlate precisely with the
square of the pore diameter, as would be the case for a simple pore-flow transport
mechanism, indicating that the various membranes are differing by more than just their mean |
pore diameter. The best-fit correlations of the water flux data (shown by the solid lines in
Figure 14) were found to be N,=5.5 x 10"(Diameter)>* for the 120 ppm benzene feed solution
and N,=3.3 x 10"(Diameter)*” for the 800 ppm benzene feed, where the units for flux are
g/m*hr and the units for pore diameter are A. Since there was no observable difference in the
dense layer thickness among the various membranes in Figure 14, there may have been an
increase in the dense layer porosity, a change in the number of pores wetted by the feed

solution, and/or a decrease in the pore tortuosity as the mean pore diameter increased.

To further clarify the role of the dense layer pores on water transport across an

asymmetric PVDF membrane, the convective flux of liquid benzene/water solutions through

17




asymmetric PVDF membranes with different dense layer mean pore sizes was measured' for a
transmembrane pressure drop of 0.975 atm (i.e., the same AP as in the pervaporation
experiments). The steady-state convective fluxes of liquid water containing 120 and 800 ppm
benzene through five different asymmetric PVDF membranes (with mean pore diameters
between 164 A and 409 A) are listed in Table 5 for an upstream pressure of 1.975 atm and é
downstream pressure of 1.0 atm. For comparison purposes, the measured water fluxes from
pervaporation experiments are also listed in this table. The liquid flux was found to increase
with increasing pore diameter and increasing benzene concentration. The fluxes were always
less fhan the water fluxes measured in the benzene/water PV separation experiments and the
relative difference between the two fluxes was small, especially for large mean pore size
membranes. We were unable to force pure liquid water through any of thé asymmetric PVDF
membranes at AP=0.975 atm, because water with no benzene could not wet the hydrophobic
PVDF pores. For a 120 ppm benzene in water solution, liquid could not be forced through
membranes with a mean pore size less than 125 A. This lower-limit pore diameter for liquid
intrusion decreased to 98 A when the liquid water contained 800 ppm benzene. Thus, the
increase in convective flux for the 800 ppm benzene feed solution, as compared to the 120
ppm benzene case in Table 5, appears to be due to wetting and liquid flow through an

increased number of the smaller pores in the dense layer.

We next turned our attention to the benzene transport across an asymmetric PVDF
membrane. The possibility of a solution-diffusion mechanism was investigated by measuring

the degree of membrane swelling by benzene and the membrane-phase bénzene diffusion
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coefficient in a 45 pm thick homogeneous dense PVDF film (which was assumed to be
identical to a pore-free dense layer in an asymmetric PVDF membfane). Experiments were
performed using a McBain sorption apparatus [14]. The equilibrium swelling of a
homogeneousb PVDF film at 25°C by benzene vapor (at an activity of 0.92) was found to be
only 6.5 vol% (for comparison purposes, volume changes due to water vapor sorption, at an
activity of 0.94, was even lower, at 0.13 vol%). The benzene vapor diffusion coefficient
through the pore-free film (as determined by analyzing the fate of benzene vapor sorption and
desorption [15]) was 1.4 x 10" cn/s. Both the membrane swelling and benzene diffusivity
results are significantly smaller than those reported for elastomeric polymer membranes, such
as natural rubber where the benzene vapor swelling was reported to be 20% and the benzene
diffusivity was 1.0 x 107 cm?/s [16]. When we carried out the microbalance measurements
on a homogeneous PDMS membrane (supplied by Specialty Silicone Products, Inc.), both the
equilibrium benzene swelling and benzene diffusivity were found to be high, 34 vol% and 2.0
x 10 cnr?/s, respectively. From the results of these experiments and the transmission
electron micrographs in Figure 1 (indicating a 0.3 pm dense‘ layer thickness), we concluded
that a solution-diffusion mechaniém was highly improbable and could not have produced the

observed high benzene fluxes.

Based on the experimental data described above, we are proposing the following pore-
flow mechanism for both water and organic (benzene) transport across an asymmetric PVDF
membrane. The benzene/water liquid feed mixture will always wet and pass through large

pores in the dense rejecting layer. There will be complete downstream cvaporatioﬁ of liquid
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from these pores and the benzene/water separation factor will be unity. Since the pore iiquid
contains -ppm concentrations of benzene, the benzene flux through the large pores must be
near1y> zero. Benzene/water feed will not wet small pores in the PVDF dense layer, in which
case benzene/water separation occurs by either a membrane distillation [17], a pore flow
(partial pore wetting) [18], or a capillary condensation [19] mechanism, where benzene vapor
is selectively removed from the feed solution. For example, in a membrane distillation process
the concentration of benzene vapor in the small pores at the upstream membrane/solution
interface is governed by the downstream pressure which is drawing vapor out of the pore and
by vapor-liquid equilibrium considerations that are dependent on the feed composition and
temperature. Using liquid-phase activity coefficients from the UNIQUAC group contribution
method [20], the equilibrium benzene vapor composition is 53.6 wt% at a pressure of 0.039
atm for a 120 ppm benzene-in-water feed and is 88.4 wt% at 0.087 atm for an 800 ppm
benzene/water feed mixture. These benzene concentrations (which correspond to a benzene
separation factor of =~ 9,600) are considerably higher than those observed in our PV
experiments because the benzene permeate vapor is eventually diluted by benzene/water feed
penetrating through the large pores via convective liquid transport. There is also a finite water
vapor flux through the small pores (the pores contain 12-45 wt% water vapor), which is
necessary to reconcile the PV and liquid convective fluxes in Table 5. The near constant
benzene flux with membranes of different mean pore size suggests that the size and/or
number of non-wetted pores in the PVDF dense layer (where organic/water separation is

occurring) is essentially independent of membrane casting conditions. Additional experiments
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as well as modeling studies are presently being carried out to validate this transport

mechanism; the results of these studies will be the subject of a future publication.

Accelerated Casting Conditions - In an effort to demonstrate that the total time required for
asymmetric PVDF membrane casting can be reduced significantly from that listed in Table 1,
preliminary studies were conducted to accelerate membrane fabrication time. In these
expeﬁments, the casting solution composition (14 wt% Aldrich PVDF, 13 wt% DMAc, and
73 wt% acetone), air dry temperature (25°C), and air humidity (50% RH) were held constant.
The air dry time was varied between 2 and 6 minutes and the three bath immersion times
were varied between 1 and 30 minutes. Each of the accelerated-cast membranes was
examined by transiission and scanning electron microscopy to insure an asymmetric
microstructure; a dense layer thickness of ~0.3 pm was observed for all of the membranes.
The membranes were tested for their ability to separate a 115 ppm benzene/water feed
solution at 25°C and a downstream pressure of 0.025- atm. The results of these experiments
(total flux, benzene flux, and benzene separation factor) are listed in Table 6. In general, we
found that the total casting time can be shortened to as little as 7 minutes while maintaining
an asymmetric membrane structure and acceptable fluxes. If the air dry time and immersion
times in the first two precipitation bath were shortened to under 2 minutes, unacceptabie
shrinkage of the membrane occurred. We presume that the depletion of DMAc from the
casting solution and the resulting precipitation of polymer (to form the dense layer) was too
rapid under those conditions where membrane shrinkage was observed. Also, a soak time

less than one minute in the final water bath produced a membrane with poor mechanical
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strength. The data in Table 6 also show a general trend of lower water ﬂuxes and highér
benzene separatioﬁ factors as the membrane fabrication time was shortened. When the mean
size of pores in the dense layer of the accelerated-cast membranes was determined by N,
permeation rates, we found a water flux vs. pore size correlation essentially identical to that
shown in Figure 12. The modest decrease in benzene flux for the accelerated casting methods
can not be fully explained at this time but may be due to a small increase in the dense layer
thickness. The results in Table 6 show clearly that asymmetric PVDF membranes can be cast
quickly. We are currently attempting to reduce the air dry time below 2 minutes and the total
casting time below 7 minutes by designing proper experiments for the examination of all
casting variables, including casting solution composition, air dry temperature, and air

humidity (which were not varied in Table 6).

Conclusions

Asymmetric PVDF pervaporation membranes were fabricated by a new phase-inversion
technique involving an air drying step followed by immersion of the film in three
precipitation baths. A thin dense layer (approximately 0.3 pm in thickness) formed at the
membrane/casting surface (glass plate) interface, the remainder of the film being a thick
microporous support layer. The membranes were highly efficient in removing both low and
high boiling non-polar organic feed components from water (e.g., benzene, toluene, styrene,
xylene, and chloroform) and performed as good or better than composite-coated PDMS
membranes in terms of both a high organic separation factor and a high organic flux. Lower

separation factors were observed when the aqueous feed solution contained a water-soluble
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polar organic, such as acetone, ethanol, ethyl acetate, and dioxane, however, the separation
factors and transmembrane organic fluxes were comparable to or greater than those reported
in the literature for silicone rubber PV membranes. With sufficient upstream stirring to
eliminate concentration polarizafion effects, the membranes were found to perform equally
well with either the dense or porous layers in contact with the feed solution. The benzene flux
increased and its separation factor decreased with increasing feed concentration, due
presumably to plasticization of PVDF; in this regard the behavior of the asymmetric PVDF

films was similar to that of elastomeric polymer membranes.

The effects of variations in asymmetric membrane fabrication conditions on
benzene/water separation Were investigated, where the PVDF molecular weight, casting
solution composition, and air dry temperature and humidity were varied. The magnitude of
the water flux through the PVDF films was found to be strongly dependent on the membrane
preparation technique, whereas the benzene flux remained essentially unchanged. N, gas
permeability measurements of the mean pore diameter in the membranes' dense layer revealed
that: (I) pore sizes varied from 58 A to 850 A depending on the casting conditions and (ii)
water fluxes and benzene separation factors correlated well with increasing mean pore size for
both low and high benzene feed concentrations (i.e., different casting methods which
produced the same benzene separation factor and water flux were found to have the same
mean pore diameter). Dilute benzene/water liquid solutions could pass through the
asymmetric PVDF membranes with a modest pressure driving force (0.975 atm). The results

suggest that organic/water feeds pass through the membrane as liquid via a small number of
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large pores in the dense layer. Benzene/water mixtures can not wet small pores and permeate
enrichment in organic occurs by either a membrane distillation, pore flow, or capillary

. condensation mechanism.

In an effort to demonstrate that the total time required for asymmetric film casting
could be shortened, PVDF membranes were prepared with 2-6 rrﬁnute air dry times and a
total immersion time in the three precipitation baths between 5 and 60 minutes. The air dry
temperature and humidity and the casting solution composition were held constant for all of
these acc’elerated-casting experiments. The resulting asymmetric membranes were used to
remove benzene from a 115 ppm benzene in water feed solution at 25°C and 0.025 atm
downstream pressure. For an asymmetric membrane fabricated completely in 7 minutes, the
measured benzene separation factor was high (5184), but the benzene flux (4.9 g/m*hr) was
somewhat lower than that observed using a more time-consuming casting method.
Unacceptable film shrinkage was observed when the air dry time was reduced to below 2
minutes and the immersion times in each of the first two precipitation baths were shortened to
under 2 minutes. Adjustments in the polymer composition and/or the temperature and
humidity of the air drying step were not investigated in the present study but will be

examined to shorten further the time required for asymmetric membrane casting.
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Table 1

Casting Methods for Asymmetric PVDF Membranes

Method No. Casting Solution Composition ©Alr Drying Conditions

PVDF! DMAc Acetone | Humidity Temp. Time

(Type/wt%) (Wt%) (wt%) | (%RH) (°C) (min.)
1 1/14 13 73 | 45 25 9
2 1/14 13 73 | 55 25 9
3 1/14 13 73 | 65 25 9
4 1/14 13 73175 25 9
5 1/14 13 73 | 85 25 9
6 1/14 13 73 | 90 25 9
7 1/14 13 73 | 65 20 9
8 1/14 13 73 | 65 35 9
9 V14 13 73 | 65 45 9
10 1/14 13 73 | 65 50 9
11 /11 16 73 | 50 25 12
12 1/12 15 73 | 50 25 12
13 1/13 14 73 | 50 25 12
14 1/14 13 73 | 50 25 12
15 1/16 11 73 | 50 25 12
16 1/14 8 78 | 50 25 12
17 1/14 9 77 | 50 25 12
18 1/14 11 75 | 50 25 12
19 1/14 15 71 | 50 25 12
20 1/14 19 67 | 50 25 12
21 214 13 73 | 60 25 12
22 3/14 13 73|60 25 12
23 4/10 35 55 | 80 25 12
24 5/10 35 55| 80 25 12

1 - PVDF: Type 1 - Aldrich Chemical Co., Inc. (530,000 MW); Type 2 - Elf Autochem North America, Inc.
(Kynar 461, 572,000 MW); Type 3 - EIf Autochem North America, Inc. (Kynar 761, 350,000 MW); Type 4 -
Solvay Polymers, Inc. (Solef 1015, 210,000 MW); Type 5 - Solvay Polymers, Inc. (Solef 1012, 152,000 MW).

Precipitation Bath Conditions For All Methods: 15 minutes in 50 vol% water/40 vol% acetone/10 vol% DMAc;
15 minates in 60 vol% water/40 vol% acetone; 30 minutes in distilled water.
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Table 2

Styrene/Water Separations with Asymmetric PVDF Membranes

PVDF membrane casting method No. 14 (from Table 1)
Downstream pressure - 0.025 atm.

Feed Conditions wt% Styrene Flux (g/m%hr) Separation

Temp (°C) wt% Styrene in Permeate Total Styrene Factqr

25 : 0.0078 6.3 32.2 2.0 862
0.0093 7.6 33.2 2.5 884
0.0113 8.7 33.3 2.9 843
0.0138 10.5 36.2 3.8 850
0.0179 13.9 333 4.6 901
0.0223 16.5 37.8 - 6.2 886

45 0.0076 59 60.0 35 825-
0.0089 7.3 57.3 42 885
0.0114 11.2 49.6 5.6 1106
0.0146 14.3 51.9 7.4 1143
0.0195 16.2 60.0 9.7 992
0.0243 20.3 62.1 12.6 1048
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Table 3
Separation of BTX/Water Mixtures with Asymmetric PVDF Membranes

PVDF Membranes made by Casting Method No. 14 (Table 1)
Temperature = 25°C
Downstream Pressure = 0.025 atm.

Feed Permeate Total Flux Organic Flux Organic
- Composition Compositlion (g/m?-hr) (g/m®-hr) Separation

(ppm) (wt%) Factor
Benzene: 62 B: 8.2 B: 3.7 B: 1437
Toluene: 68 T: 12.2 47.2 T: 5.8 T: 2043
Xylene: 15 . X:2.2 X: 1.0 X: 1499
Benzene: 158 B: 16.1 B: 21.7 B: 1217
Toluene: 150 T: 22.3 78.7 T: 17.5 T: 1910
Xylene: 15 X: 132 X: 1.0 X: 891
Benzene: 214 B: 20.3 B: 19.6 B: 1188
Toluene: 211 T: 27.5 96.6 T: 26.6 T: 1796
Xylene: 15 X: 1.1 X: 1.0 X: 721
Benzene: 300 B: 26.2 B: 31.7 B: 1182
Toluene: 312 T: 34.8 121.1 T: 42.1 T: 1708
Xylene: 20 X: 1.65 X:20 X: 838

1 - 100 ppm = 0.01 wt%
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Table 4

Comparison of Mean and Maximum (Bubble Point) Pore Diameters

in the Dense Layer of
Asymmetric PYDF Membranes

Casting Method Number Mean Pore Diameter Bubble Point Pore
(From Table 1) (A) Diameter (A)
16 58 -

17 98 --

24 117 --

15 125 -

18 162 388
1 ‘ 164 397
14 208 480
2 235 504
4 ' 409 664
20 475 685
9 580 751
5 641 765
11 | 882 974
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Table 5

Measured Convective Benzene/Water Mixture Liquid Fluxes
and Pervaporation Water Fluxes
in Asymmetric PYDF Membranes with Different Mean Pore Diameters

Mean Pore; 120 ppm benzene/water feed 800 ppm benzene/water feed
Diameter (A)
Convective PV Water Flux Convective PV Water Flux
Flux (g/m?-hr) (g/m?-hr) Flux (g/m?-hr) (g/m2-hr)
58 no flow 4.9 no flow 8.8
98 ~. no flow 12.7 4.7 29.9
125 8.3 154 23.1 34.7
164 17.0 24.3 30.7 43.3
235 35.6 44.5 66.0 81.5
304 85.3 97.0 179.1 199.0
409 121.7 135.0 344.1 374.0
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Table 6

Accelerated Casting Conditions for Asymmetric PYDF Membranes

air dry 1st bath 2nd bath 3rd bath flux (g/m*hr)’ .
tir.ne i_mmersion i-mmersion i.mmersion Se:.:fcl;zt:? n
(min.) | time (min.) | time (min.) | time (min.) total benzene
122 15 15 30 46.8 9.3 2159
6 15 . 15 30 38.1 10.7 3736
2 15 15 30 17.8 6.2 4969
2 6 15 30 154 5.9 5411
2 2 15 30 14.1 5.3 5230
2 2 6 30 13.5 5.1 5292
2 2 2 30 13.0 4.9 5280
2 2 2 6 13.6 5.2 5364
2 2 2 1 13.1 49 5184

1 - Fluxes and sepafation factors for a 115 ppm benzene-in-water feed solution at 25 °C and
0.025 atm downstream pressure.

2 - Base-line case (casting method No. 14 in Table 1).
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Figure 1

Figure 2

Figure 3

Figure Captions

Transmission electron micrographs of PVDF membrane slices (0.06 pm in
thickness) parallel to the dense layer surface. Asymmetric membrane fabrication
method no. 3 from Table 1. Depth from the dense layer surface: (a) 0.06 pm

(top layer of membrane); (b) 0.18 pm; (¢ ) 0.36 pm; (d) 0.84 pm.

Schematic diagram of membrane pervaporation test cell apparatus. (1) constant

temperature feed tank, (2) feed pump, (3) feed sample collection valve, (4)

temperature transducers, (5) feed flowmeter, (6) membrane cells, (7) pressure

transducers, (8) switch valves, (9) liquid nitrogen cold traps, (10) pressure

meter, (11) vacuum pump, (12) vent valve.

The effect of feed flow rate on asymmetric PVDF membrane performance with
either the dense or porous layer contacting the feed solution. Membrane casting
methods No. 14 (Table 1); feed composition 150 +7 ppm benzene in water;
temperature = 25°C; downstream pressure = 0.025 atm. (a) benzene separation

factor vs. flow rate, (b) benzene flux vs. flow rate.
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Figure 4  Organic permeate concentration vs. feed concentration for non-polar and polar
- organic solutes in water. Asymmetric membrane casting method No. 14 (Table

1); temperature = 25°C; downstream pressure = 0.025 atm. O benzene;
s toluene; @ chloroform; v ethyl acetate; 4 acetone; M ethanol;

¢ dioxane.

Figure 5 Organic flux vs. feed concentration for non-polar and polar organic solutes in
water. ASymmetric membrane casting method No. 14 (Table 1); temperature =

25°C; downstream pressure = 0.025 atm. O benzene; 4 toluene;

@ chloroform; v ethyl acetate; 4 acetone; M ethanol; ¢ dioxane.

Figure 6 Effect of benzene feed concentration on benzene separation factor and flux.
Asymmetric membrane casting method no. 14 (Table 1); temperature = 25°C;

downstream pressure = 0.025 atm.

Figure 7 Effect of downstream pressure on benzene separation factor and flux.
Asymmetric membrane casting method no. 12 (Table 1); benzene feed

concentration = 85+3 ppm; temperature = 25°C; downstream pressure = 0.025

atm.
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Figure 8

Figure 9

Figure 10

Figure 11

Effect of operating temperature on benzene separation factor and flux.
Asymmetric membrane casting method No. 13 (Table 1); benzene feed

concentration = 8012 ppm; temperature = 25°C; downstream pressure = 0.025

atm.

Effect of air dry temperature during film casting on benzene and water fluxes.
Asymmetric membrane casting methods nos. 3, 7, 8, 9, and 10 (Table 1);
benzene feed concentration 120110 ppm; temperature = 25°C; downstream

pressure = 0.025 atm.

Effect of air humidity during film casting on benzene and water fluxes.
Asymmetric membrane casting methods nos. 1-6 (Table 1); benzene feed

concentration 120£10 ppm; temperature = 25°C; downstream pressure = 0.025

atm.

Effect of DMAc concentration in the membrane casting solution on benzene and
water fluxes. Asymmetric membrane casting methods nos. 14, 16, 17, 18, 19,
and 20 (Table 1); benzene feed concentration 15015 ppm; temperature = 25°C;

downstream pressure = 0.025 atm.

37




Figure 12

Figure 13

Figure 14

Increase in water flux with the measured mean diameter of pores in the dense
layer of asymmetric PVDF membranes. Benzene feed concentration 12010
ppm; temperature = 25°C; downstream pressure = 0.025 atm. Numbers

associated with each data point identify the casting method in Table 1.

Interdependence of benzene separation factor and the measured mean diameter
of pores in the dense layer of asymmetric PVDF membranes. Benzene feed
concentration 120£10 ppm; temperature = 25°C; downstream pressure = 0.025
atm. ‘Numbers associated with each data point identify the casting method in

Table 1.

The effects of mean pore size and benzene feed concentration on water flux.

Temperature = 25°C; downstream pressure = 0.025 atm. Numbers associated

with each data point identify the casting method in Table 1. v 80017 ppm

benzene in water feed solution;, O 120110 ppm benzene in water feed

solution.
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